Electrocatalytic processes will undoubtedly be at the heart of energising future transportation and technology with the added importance of being able to create the necessary fuels required to do so in an environmentally friendly and cost effective manner. For this to be successful two almost mutually exclusive surface properties need to be reconciled, namely producing highly active/reactive surface sites that exhibit long term stability. This article reviews the various approaches which have been undertaken to study the elusive nature of these active sites on metal surfaces which are considered as adatoms or clusters of adatoms with low coordination number. This includes the pioneering studies at extended well defined stepped single crystal surfaces using cyclic voltammetry up to the highly sophisticated in situ electrochemical imaging techniques used to study chemically synthesised nanomaterials. By combining the information attained from single crystal surfaces, individual nanoparticles of defined size and shape, density functional theory calculations and new concepts such as mesoporous multimetallic thin films and single atom electrocatalysts new insights into the design and fabrication of materials with highly active but stable active sites can be achieved. The area of electrocatalysis is therefore not only a fascinating and exciting field in terms of realistic technological and economical benefits but also from the fundamental understanding that can be acquired by studying such an array of interesting materials.
Introduction
The eld of electrocatalysis has recently undergone a signicant resurgence in research activity. This is due to several factors including the urgent need to energise future technologies and transportation [1] [2] [3] [4] in a clean and sustainable manner, developing cheap and reliable sensing devices, 5-9 CO 2 conversion into useful products [10] [11] [12] and the fascinating fundamental insights into chemical and material science that this eld offers. The ability to chemically and electrochemically synthesise a vast array of nanomaterials with excellent control over shape, size and composition has also been a major impetus in expanding this research area. The initial and continuing studies on single crystal surfaces have provided signicant fundamental insight into the role of exposed structural facets on electrocatalytic activity which is a crucial rst step to understanding the activity of a plethora of nanomaterials. This in combination with ever more powerful density functional theory (DFT) calculations to predict electrocatalytic activity is unifying the eld from studies on near perfect single crystal surfaces to the signicantly more complex catalysts used in applications such as fuel cells. However there still remains signicant challenges and predicting the activity of a potentially commercially employed catalyst where there are a myriad of parameters to consider such as the role of the support material, composition (bimetallic or even trimetallic systems), structural effects, inuence of size, electrolyte and presence of defects ensures that research into electrocatalytic processes will remain a fascinating research area.
It should be noted that electrocatalysis is a wide ranging topic that includes catalysis mediated by a redox active species either in solution or immobilised on an electrode surface as well as heterogeneous catalysis at solid electrode surfaces. However in this article it is the latter that will be discussed. A recent book on electrocatalysis in fuel cells highlights both the role of low Pt loadings and the many molecular and non-metal based systems that have the potential to be used in this technology such as conducting polymers, metal macrocyclics and transition metal chalcogenides to name but a few. 4 The replacement of precious metals such as Pt and Pd for fuel cell applications is highly important for future application but at present the precious metals are still the catalysts of choice. Therefore in this article a focus on metallic systems in particular will be presented not only because of this practical viewpoint but also the interesting fundamental physical chemistry that is discovered in studying these systems.
There have been many reports on factors that inuence electrocatalytic reaction rates such as crystallographic orientation of low index plane single crystal surfaces, [13] [14] [15] [16] [17] [18] size 19-24 and shape [25] [26] [27] [28] [29] [30] effects of chemically synthesised nanomaterials, and bimetallic composition. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] In the majority of cases the presence of defect or active sites is postulated and oen considered to be adatoms or clusters of adatoms with low co-ordination number which contribute signicantly to increased reaction rates. However the characterisation of these surface states is notoriously difficult due their estimated low coverage, small size and tendency to coarsen under electrochemical conditions. Therefore in this article, studies of these elusive sites is presented from defect rich single crystal extended surfaces to single atom electrocatalysts detailing the established and new sophisticated electrochemical and surface science techniques that are used for their characterisation and visualisation.
Electrochemical characterisation of active site behaviour

Single crystal studies
Single crystal surfaces have played a major role in understanding structure-activity relationships. Since the discovery by Clavilier, 47, 48 who used a ame melting method to produce high quality surfaces, there have been many studies undertaken with single crystals such as Pt, Au, Ag and Pd to understand the electrocatalytic activity of different exposed facets such as the low index planes (100), (111) and (110) . This has provided signicant insights into the design of nanoparticles with the appropriate shape to facilitate the maximum electrocatalytic reaction rate while simultaneously achieving the high surface area required for practical applications. However extrapolation of the reaction mechanisms determined at single crystal surfaces to chemically synthesised nanomaterials is not an easy task and the shape dependent inuence of electrocatalytic activity is still a difficult area given the complications that arise from the many defects present at nanoparticles, residual capping agents, propensity for electrodissolution under harsh conditions and surface reconstruction under potential control. Many important reactions have been studied at single crystal surfaces, in particular the oxygen reduction reaction (ORR), hydrogen evolution reaction (HER), methanol, ethanol and formic acid oxidation reactions. In the majority of cases structural sensitivity is observed which differs depending on the reaction of interest, the metal and composition of the supporting electrolyte. There have been many excellent reviews of the topic to which the reader is directed. [14] [15] [16] 26, 36, 49 Of interest in this article are the many studies that have also been undertaken where defects have been introduced into well-dened surfaces in the form of steps, kinks and ledges 50, 51 upon which electrocatalytic reactions are almost universally agreed to be enhanced due to the presence of atoms with low lattice coordination numbers. Generally experiments are undertaken within the stereographic triangle as illustrated in Fig. 1 for the face centred cubic (fcc) metals.
Studying these systems is a step closer to understanding the structure-activity relationships observed at nanomaterials of different shape. Recently Koper has extensively reviewed this topic where it was concluded that step defects, corners of islands, and kink sites are the most active and of the low index planes the (110) facet is usually the most active for many fuel cell relevant electrocatalytic reactions. However there are exceptions and details into reactions preferred at (111) and (100) terraces are outlined.
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As mentioned above it is generally agreed that the presence of defect sites is critical to the increased activity of any electrocatalyst. Under extremely clean surface and solution conditions, characteristic electrochemical signatures associated with the high index planes of metals in the stereographical triangle presented in Fig. 1 can be observed. Hamelin was a pioneer of this work at both low 53 and high index surfaces and a typical example of the latter is that for gold where cyclic voltammograms were recorded in perchloric acid. 54 This electrolyte was chosen to avoid adsorption effects as encountered with sulphate ions which obscure the ne detail observed in the double layer region. In this case a high index plane is dened as being greater than 5 from a low index face which are regarded as stepped and open faces. Fig. 2 shows cyclic voltammograms recorded at the (311), (310) and (554) facets. It is quite clear that different high index planes have unique voltammetric signatures in the double layer region and the oxide formation and reduction regions (Fig. 2) . Through this approach it can also be readily identied which surfaces undergo surface reconstruction by varying the potential limits of the voltammetric scan. A signicant amount of detail is contained within the double layer region of these surfaces and offers a unique electrochemical ngerprint of a highly stepped surface which can be correlated with scanning tunnelling microscopy (STM) experiments. 55 More recently Feliu investigated stepped Pt surfaces for the n(111)-(100) and n(100)- (111) systems (where n ¼ number of atomic rows) of the stereographical triangle in a similar manner in both perchloric and sulphuric acid where distinctly different hydrogen adsorption/ desorption and oxide formation/reduction regions were observed on the different surfaces. This allowed structural information to be correlated with activity for the ORR.
56,57 Hoshi et al. extended such a study to investigate the n(111)- (111), n(111)-(100), n(100)-111) and n(100)-(110) systems in perchloric acid where they reported that the active sites for the ORR are the on-top, bridged, or three-fold hollow sites that are located between the (111) terrace edge and the (111) terrace atomic row neighbouring to the edge. 50 These studies illustrate the ability of electrochemical characterisation in a blank electrolyte to determine the nature of active sites that are responsible for electrocatalytic reactions.
In the studies just described obtaining quantitative information about specic surface sites is problematic, in particular for platinum, where hydrogen and anion adsorption take place on different surface sites in a similar potential range. Also, the contribution from (111) sites for instance is spread across a large potential range rather than a single peak which makes the individual contribution of (111) sites difficult to obtain. Feliu et al. addressed this by demonstrating that bismuth, and germanium adsorbed on platinum electrodes through a spontaneous deposition approach can be used as probes to characterise specic domains present on the surface of Pt single crystal electrode. 58 The advantage of this approach is that it is performed in situ under the typical conditions that the electrocatalyst will be utilised. Electrochemical desorption of Bi is shown in Fig. 3a where it is immediately apparent that the hydrogen adsorption region is completely suppressed and a well-dened stripping process at 0.62 V is observed attributed to (111) terrace sites (note the sharp peak in blank electrolyte at 0.26 V is attributed to steps on the (111) terraces).
The magnitude of the peak decreases as the step density increases. By using the Pt (111) response and that recorded at the stepped surfaces, calibration plots between the charge density measured under the adatom redox peak, specic for the type of surface site, and the corresponding terrace size were obtained. For the case of germanium the hydrogen adsorption region is again suppressed and a clear oxidation process is observed above 0.40 V which involved almost all sites in the (100) ordered domains. Analogous calibration plots were achieved and from analysing the slope of the plot it was concluded that the germanium contribution came from the (100) terrace sites and not the (100) step sites. With these probes the fraction of (100) and (111) ordered domains on nanoparticle samples was identied which agreed with data obtained using deconvoluted voltammograms recorded in the hydrogen adsorption/desorption region. This approach was recently extended by Angelopoulos et al. 59 who also used Bi and Ge stripping experiments to determine contributions from (111) and (100) terrace sites and hydrogen desorption studies to determine the contributions from stepped (110) sites and low co-ordination sites at Pt nanoparticles. This structural information was then correlated with activity for the ORR and it was found that the surface active site distribution was dominated by contributions from 5-coordinate sites on stepped surfaces like (110) and (311), as well as low-coordination edge and vertex sites thereby providing new insights into the source of mass activity variation seen for nanoparticle catalysts for this reaction. Finally CO stripping experiments have been extensively used to characterise single crystal surfaces which is highly sensitive to surface structure and has been utilised by many laboratories. This is an invaluable method for characterising surface sites and has recently been reviewed in considerable detail by Koper 15 and therefore will not be included in this article.
Polycrystalline samples
Although single crystal surfaces provide signicant fundamental insights into electrocatalytic reactions they are generally not practical in working devices. In particular the high index planes of metals are costly, have low surface area and reconstruct under normal operating conditions. 51 Therefore there has also been a signicant research effort in understanding the electrochemical behaviour of metals in the form of bulk electrodes, electrodeposited nanostructures and chemically synthesised nanomaterials. In an analogous manner to electrochemical measurements undertaken at single crystal surfaces in supporting electrolytes many studies have been undertaken at the polycrystalline samples just mentioned. This is not only important from an electrocatalytic point of view but is also important in determining the cleanliness of a surface. A particularly interesting aspect of this work was introduced by Burke 60 who observed unusual cyclic voltammetric behaviour at a variety of metals in acidic, alkaline and neutral media whereby signicant responses were observed in the double layer region of metals which in most cases is assumed to be simply associated with capacitive charging current. The term "premonolayer oxidation" was coined to describe such phenomena and attributed to the oxidation of active sites on metal surfaces. The active site (M*) was postulated to consist of metal atoms or clusters of atoms with low co-ordination number in a metastable state that were prone to oxidation at potentials lower than that for their bulk or equilibrated surface state. 61 The oxidation product was attributed to a recalcitrant hydrous oxide type species 62 however no direct experimental proof of its composition has yet been reported due its low coverage. Illustrated in Fig. 4 is a typical example of an active Pt surface, achieved via thermal activation in which a Pt wire was resistively heated in an H 2 /N 2 atmosphere and subsequently cooled prior to measuring the cyclic voltammogram. 63 In comparison to a non-activated Pt surface there are clearly a signicant number of new features in the positive sweep which were attributed to the oxidation of active Pt surface sites.
Work from the same group also demonstrated such effects at activated polycrystalline Au, 64, 65 where it was postulated that electrocatalytic reactions were mediated by a surface conned M*/hydrous oxide species, however the role that activated chemisorption played in electrocatalytic reactions was not discounted. Other groups reported similar phenomenon with cathodically polarised Pt electrodes 72, 73 and recently such behaviour has been observed on electrodeposited gold, Compton et al. 80 showed that electrodeposited gold nanoparticles of 40 nm diameter exhibited a distinct peak (OA1) prior to monolayer oxide formation (OA2). Preceding work by Kolb et al. 81, 82 showed that the intensity of the OA1 peak increased with the density of surface defects which was conrmed on single crystal surfaces. In Compton's work this was compared to a gold macro electrode where it was shown that the defect level at the latter was much lower than at the nanoparticles as evidenced by the lack of the OA1 peak in the cyclic voltammogram (Fig. 5) .
Evidence that these processes are Faradaic in nature was provided by Bond et al. who used large amplitude Fourier transformed ac voltammetry at Au 83 and Cu 84 electrodes which is an excellent technique for discriminating between capacitive and Faradaic processes in the higher ac harmonic responses. 85, 86 Further work with this technique from this laboratory on electrodeposited gold (Fig. 6 ) as well as e-beam evaporated thin gold lms further conrmed the presence of this unusual voltammetric behaviour. 77, 87 Several features are observed over the potential range of À1.2 to 0.2 V, with two distinct processes at À0.2 and À0.8 V in the higher harmonics, which are not observable in the dc response (Fig. 6a) . It was reported that the optimum suppression of background current and high signal to noise ratio was achieved at the 4th ac harmonic response (Fig. 6e) . Interestingly the electrocatalytic oxidation of ethanol and the ORR occurred in the regions of active site responses at À0.8 and À0.2 V respectively.
Several other techniques have been used to investigate the electrooxidation of metals within the double layer region including using contact electroresistance, 88,89 electroreectance techniques, 90 electrochemical quartz crystal microbalance 91 and the surface interrogation mode of scanning electrochemical microscopy (SECM). 92 In the SECM study Bard demonstrated that the coverage of gold with such incipient oxides can be as high as 0.2 of a monolayer.
The presence of this type of behaviour on a wide variety of surfaces is not only important for electrocatalytic reactions but also impacts on the use of metals in other areas. For example gold is oen regarded as being biocompatible and inert and used in medical implants. However it was demonstrated that gold can be leached into adjacent tissue via an immune reaction by oxidation, 93 which may be related to the presence of active sites that are prone to oxidation as shown by the above cyclic voltammetry experiments. The presence of active surface sites also impacts on self-assembled monolayer formation where oxidised surfaces tend to produce less well packed lms. 
Combining chemical and electrochemical approaches to investigate active site behaviour
Ideally to obtain the most valuable information regarding the properties of an electrocatalyst surface, experiments should be performed in situ. Therefore a variety of interesting approaches have been adopted to investigate active site behaviour rather than using ex situ methods such as high resolution transmission electron microscopy (HRTEM). However this raises a difficulty in that active sites are notoriously difficult to visualise given that they are regarded as being anywhere from point defects, to kinks, clusters or extended defects such as steps. Scholz et al. 95, 96 reported an elegant method of investigating active sites whereby he removed them via chemical means to probe their impact on electrocatalytic processes. This selective "knock-out" of active sites was achieved by removing surface asperities on gold through a chemical polishing procedure using Fenton's reagent where OH radicals attack and dissolve the metal protrusions and oxidise the smooth parts of the surface. This results in a decrease in the surface area of the gold as well as severe inhibition of electrocatalytic activity for the ORR (Fig. 7) .
Therefore it was postulated that the sites at the protruding asperities were the location of the active sites for the ORR. The data was consistent with the selective disappearance of reactive Au atoms with partially lled d orbitals that can stabilise free radical intermediates, leaving behind only the unreactive Au atoms with fully lled d orbitals. This was conrmed by probing the inner sphere hydroquinone reduction reaction which was also inhibited whereas the outer sphere reaction for the Ru Scholz et al. extended this work by similar studies on Pt, Pd and Ag electrodes. 98 Interestingly distinctly different behaviour was observed on Ag and Au compared to Pt and Pd whereby severe inhibition of the hydroquinone reduction reaction was observed on the former but not the latter group of metals. This indicated that the active sites on Ag and Au were associated with the surface asperities whereas in the case of Pt and Pd they were present on the regular structure and not concentrated at the asperities.
Instead of selectivity removing active sites from metal surfaces work from this laboratory demonstrated that active sites could be used to promote the formation of foreign metal atoms on the surfaces of metals via an electroless deposition method. With this approach the facile oxidation of active sites on electrodeposited gold, which occurs at potentials well below that for bulk gold oxidation as described above, was used to drive the spontaneous deposition of silver and palladium on to the surface.
77 Fig. 8 clearly shows the deposition of Ag and Pd nanoparticles onto the surface of the dendritic gold samples. Given that the standard reduction potentials for Ag + /Ag (0.799 vs. SHE) and Pd 2+ /Pd (0.915) are signicantly lower than that for Au 3+ /Au (1.50 V vs. SHE) suggests that it is the oxidation of active sites which is the driving force for the reduction of the metal salts as the reaction is thermodynamically unfavourable at bulk gold. This effect was not only conned to nanostructured materials but also occurred at e-beam evaporated thin lms of Au 87 and Pd. 78 Interestingly, visualisation of nanoparticles with SEM was not achieved at these relatively smooth lms. However EDX mapping of a gold TEM grid that was nominally (100) in character using HRTEM revealed a sparse but relatively even coverage of silver across the surface. 87 This indicates that even for nanostructured gold, active sites are likely to be present across the entire sample but apparently more concentrated in certain regions as shown in Fig. 8 . As was the case with Scholz's work outer sphere reactions remained unperturbed at the modied surfaces but inner sphere reactions like the HER and ORR were signicantly affected by the presence of the second metal as expected, which either increased or decreased electrocatalytic activity depending on the nal bimetallic combination and reaction of interest. For instance ethanol oxidation was signicantly improved at Pt/Au surfaces 99 compared to only Pt whereas the HER was inhibited at Ag/Au surfaces compared to Au. 87 What is interesting to note with this approach is that the surface area of the electrode does not change signicantly but results in signicant changes in activity such as an 80% decrease in current magnitude for the HER on Ag/Au even though only 7% of the surface is decorated with Ag. This supports the hypothesis that the surface concentration of defect sites on metal surfaces is quite low.
This approach was also used by Chung and co-workers 100 with electrochemically treated gold electrodes to induce active sites which were decorated with Pt and Pd and shown to be highly effective electrocatalysts for the oxidation of methanol and ethanol under alkaline conditions. Intriguingly Pt or Pd nanoparticles were also not observed on the surface via HRTEM but conrmed via ICP-AES which gave an estimated coverage of active sites of 5%. Recently Wu demonstrated that Au nanoparticles of less than 3 nm in diameter (which are expected to be defect rich) also promoted the electroless deposition of both Ag and Cu on their surface. 101 It should be noted that such processes have also been observed for the spontaneous decoration of noble metals such as Pt with Ru or vice versa. 102, 103 It was assumed for the case of Pt decoration with Ru that a local cell mechanism was proposed where Pt is oxidised to Pt-OH that facilitates metal deposition 103 which would be consistent with the oxidation of active sites. El-Deab has used a technique of reductive desorption of SAMs to investigate the electrocatalytic behaviour of electrodeposited gold nanoparticles. In this method gold is chemically modied by cysteine which is then electrochemically removed from the surface. With this method stripping peaks are observed at distinct potentials corresponding to the (111), (100) and (110) crystal planes which allows the surface concentration of each plane to be determined. Although this work does not explicitly investigate active site behaviour it demonstrated that the Au (100) and Au (110) faces were more active than Au (111) for the ORR under alkaline conditions. 104 Because the reduction of cysteine from Au (111) occurs at a more positive potential it could be selectivity removed to reveal bare Au (111) facets while a sub monolayer of cysteine covered any exposed Au (100) and Au (110) facets. With this approach a polycrystalline gold electrode was converted into a pseudo Au (111) single crystal electrode which exhibited the same behaviour for the ORR as that seen for a true single crystal surface in the same medium.
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Such an approach offers a route to engineering the crystallography of gold nanomaterials.
Visualising nanomaterials
There have been numerous spectroscopic techniques employed to characterise the performance of electrocatalysts under working conditions such as infrared reection absorption spectroscopy, differential reectance spectroscopy and secondharmonic generation which give excellent information on interfacial phenomena and the adsorption of species on electrode surfaces. These approaches have recently been reviewed in detail for Pt (111) surfaces by Scherson et al. 106 Watanabe has reported the electrochemical cell plus X-ray photoelectron spectroscopy (EC-XPS) technique using the emersion approach to elucidate the mechanism of the ORR at well-dened metal surfaces by observation of adsorbed oxygen, hydroxyls and water. 107 All of these types of measurements if used in combination with in situ STM experiments can provide detailed information on morphological effects such as surface reconstruction and the role of adsorbed species on electrode surfaces. Another powerful in situ spectroscopic technique is X-ray absorption ne structure (XAFS) analysis which has been used to monitor the local coordination structures and oxidation states of catalysts in working polymer electrolyte fuel cells (PEFC). 108 This technique is particularly useful in determining the degradation mechanism of fuel cells. A recent development in this area was reported by Tada and co-workers 109 who demonstrated four-dimensional visualisation of structures/ chemical states of a Pt/C cathode catalyst layer in membrane electrode assemblies (MEAs) of a PEFC by a laminography-XAFS method that combined three dimensional X-ray computed laminograph imaging and XAFS spectroscopy (Fig. 9) . Fig. 9 shows three-dimensional images of the Pt quantity in fresh and degraded MEAs. This enabled the visualization of aggregation behaviour induced under voltage-cycling processes. The spatially-resolved three-dimensional laminography-XANES revealed the heterogeneous presence of aggregation and chemical states of the Pt nanoparticle catalysts in the MEA.
Although not specically related to the identication of active sites the ability to monitor the distribution and agglomeration of particles within a working fuel cell is critical to understanding degradation mechanisms.
A particular drawback of investigating nanoparticle electrocatalysts is that they are oen employed via drop casting onto an electrode surface or support using a Naon slurry. This results in a surface which contains a catalytic ensemble and makes interpretation related to size and shape difficult to ascertain due to overlapping diffusion elds of the individual particles. Therefore there has been recent interest in observing electrocatalytic reactions in situ at the single nanoparticle level. A signicant development by Unwin and co-workers has been the scanning electrochemical cell microscopy (SECCM) technique. 110 Details of the principles of operation can be found in ref. 110 . In essence a dual barreled theta pipet pulled to ca. 1 mm diameter serves as a mobile localised electrochemical cell. During the experiment the tip is scanned across the surface and catalytic activity, topography and conductivity are measured. This has allowed for unprecedented spatial and electrochemical resolution of electrode processes which has resulted in the observation of electrocatalytic processes at individual nanoparticles or if desired an ensemble of nanoparticles. This opens up the possibility of studying the role of shape, size and support in a single measurement. Indeed nanoparticles on any type of support can in principle be investigated. This is in contrast to previous SECM experiments that investigated the effect of Pt nanoparticle shape on the ORR. In that particular study a suspension of nanoparticles was dispensed on to a solid support which resulted in an ensemble of nanoparticles contained within a 100 mm diameter dot. By scanning a nanoparticle array containing isolated dots of nanoparticles of different shapes under tip generation substrate collection mode the ORR was found to be most active for hexagonal shaped nanoparticles.
111 This approach is useful as a rapid electrocatalyst screening technique to identify shape effects but also has been used to identify optimal composition ratios for bimetallic electrocatalysts.
112 However using the SECCM technique Unwin and co-workers were able to investigate the electrocatalytic activity of individual electrodeposited Pt NPs on single walled carbon nanotubes.
113 By controlling the potential they were able to investigate the ORR, HER and Pt oxide formation reactions as shown in Fig. 10 while simultaneously recording topography and conductivity maps. It is immediately apparent that the reactivity is not homogeneous across the individual particles. By analysing the reactivity maps and correlating with FE-SEM measurements they reported that particles of similar size but different morphology exhibited different reactivity.
A further development in this area was using the SECCM approach in combination with nanoparticle collision experiments. The latter type of experiments have been investigated by Bard [114] [115] [116] and Compton 117,118 whereby an ultramicroelectrode (UME) is placed in a dilute solution of nanoparticles which results in collisions at the electrode surface. Upon a collision event an electrocatalytic reaction takes place (such as HER, hydrazine oxidation) that otherwise would not occur at the potential applied to the UME and a current spike is detected. This technique can provide information of nanoparticle size and size distribution using a purely electrochemical approach and in principle heterogeneous electron transfer kinetics at the single nanoparticle level can be measured. 114 Using the SECCM approach the collision event was limited to a signicantly smaller area of the collector electrode and excellent signal-tonoise ratios were achieved.
119 Au NPs were investigated on HOPG surfaces and a higher onset potential for the ORR compared to bulk gold was reported. A particularly interesting aspect of the study was the ability to land an individual nanoparticle on to a TEM grid under conditions where the collision frequency was of the order of tens of seconds. A single Au nanoparticle was landed on to a TEM grid and probed via cyclic voltammetry for the oxidation of hydrazine. Aer electrochemical characterisation, the same nanoparticle could be imaged with TEM as shown in Fig. 11 . This approach will be invaluable in determining the inuence of nanoparticle shape on electrocatalytic processes. An interesting aspect would be to characterise the individual nanoparticle in supporting electrolyte only to determine if any active site type responses are present as observed at stepped single crystal surfaces and activated polycrystalline surfaces.
A further example of the power of the SECCM technique was shown by investigating the electrocatalytic activity of a polycrystalline Pt surface for the surface sensitive Fe 2+/3+ system. By correlating SECCM activity maps with electron backscatter diffraction images the reaction was found to be controlled by the surface orientation of the grains in perchlorate medium whereas in sulphate medium a signicant increase in electron transfer rate occurred at the grain boundaries.
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Ex situ TEM has been used extensively to characterise nanomaterials of different size and shape where the quality of imaging allows one to visualise the exposed facets which inuence electrocatalytic activity. A particularly interesting development was a recent study using aberration-corrected scanning transmission electron microscopy (STEM) in the highangle annular dark-eld (HAAD) imaging mode which revealed the presence of low coordination Au adatoms on truncated octahedral gold clusters (Au 923AE23 ) (Fig. 12) . 121 It was concluded that 70% of the species on the surface were in fact gold adatoms with similar probabilities of being found on the (100) and (111) facets which migrate between facets upon repetitive imaging (compare images (c) and (d) in Fig. 12 ). This migration of adatoms was found to be dependent on beam intensity but extrapolation to zero dose showed that adatoms were mobile in the purely thermal regime. Although performed ex situ under vacuum conditions such an approach still offers fascinating insights into the structure of these nanomaterials which would not only affect electrocatalytic reactions but gas phase catalysis, and nanomaterial growth.
In an effort to combine electrochemical studies with the power of TEM imaging Arenz and Mayrhofer developed an in situ and non-destructive identical location TEM technique (IL-TEM) to observe the identical locations of a catalyst before and aer electrochemical treatment.
122 They investigated an important consideration for the application of any electrocatalyst and that is stability. Even though this can be monitored quite readily by electrochemical methods under accelerated ageing conditions such as repetitive cycling or chronoamperometry, identifying the source of any instability is challenging as it can originate from catalyst dissolution, particle agglomeration, Ostwald ripening which reduces surface area, or corrosion of the support. Using IL-TEM a commercial catalyst was investigated to understand its degradation with time. By having the ability to image the exact spot before and aer electrochemical testing the mechanism of degradation can be determined under different conditions. Illustrated in Fig. 13 is a IL-TEM study of a commercial Pt/C catalyst showing both particle movement and agglomeration.
By varying the experimental conditions such as no of cycles, the potential window, presence of CO, particle detachment and displacement of the support was observed. The same group followed up this work using this technique by investigating different carbon supports 123 and the connement of nanoparticles within a nanoporous support. 124 
Designing an active site
It has been discussed that active sites are present on a variety of surfaces and play an important role in electrocatalytic activity. However, another critical aspect of the eld is the investigation of bimetallic materials which exhibit synergistic effects to promote a wide variety of electrocatalytic reactions. This has numerous benets in not only increasing efficiency but decreases cost by minimising expensive precious metals and can also inhibit electrodissolution. There have been numerous studies on fabricating and testing bimetallic combinations as either alloys or core-shell materials to observe such promotional effects for many important electrocatalytic reactions and specic combinations such as Pt/M and Pd/M (M ¼ Cu, Ag, Au, Ru, Fe and Pb) have been widely reported. 25, [31] [32] [33] [36] [37] [38] [39] 41, 43, 44, 78, 87, 103, 112, 125, 126 Many of these studies used density functional theory (DFT) calculations to explain activity based on the adsorption of reactants and intermediates created during the course of the reaction. However what is interesting to note is the rational design of an active site via theoretical predictions. Greeley and Nørskov predicted with density functional theory (DFT) calculations the inuence of bimetallic composition on the HER for a large matrix of metals that included different ratios of the solute and solvent metal where the critical parameter was the metalhydrogen bond strength.
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Given the recent success of the Pt 3 Ni (111) extended surface as a highly effective ORR electrocatalyst the same group investigated a host of Pt 3 X and Pd 3 X materials that could form a skin with either Pt or Pd. 129 In the original report for Pt 3 Ni (111) it was found that the material had an optimum d-band centre position and arrangement of atoms of the surface which was Pt rich.
130 From DFT calculations it was predicted that Pt 3 Sc and Pt 3 Y polycrystalline materials would be signicantly better electrocatalysts than pure Pt and this was experimentally veried. In fact the material was closer in activity to Pt 3 Ni (111) than polycrystalline Pt 3 Ni which is less active. 129 Recently Nørskov used DFT calculations to describe trends in activity for the electroreduction of CO 2 to CO where Cu, Ag and Au were found to be the best but not as effective as enzymes such as CODH.
131 Chorkendorff et al. designed a catalyst for the CO electrooxidation reaction based on Cu/Pt (111) where their predictions allowed them to tailor the conguration of Cu atoms in Pt (111) to control binding of *H, *OH, and *CO species to give the best performance.
132 Liu et al. used DFT in combination with the periodic continuum solvation model based on modied-Poisson-Boltzmann electrostatics to predict that Pt octahedrons of $2 nm should be the optimum size and geometry for Pt single nanoparticles for the ORR. Furthermore they predicted that using an inert metal such as Au as the frame for the Pt nanoparticles, that exposed Pt (111) sites are the active site for oxygen reduction and with such an architecture would not only prevent the initial oxygen induced corrosion at the edge sites but also signicantly improve activity.
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DFT is an extremely useful tool when combined with experimentation, however a recent review of the topic 134 pointed out that there is a lack of detailed understanding of how to approximate functionals and at present there are more calculations, both good and bad, being carried than ever before. However Burke suggested that new and more general standard approximations will be developed to keep the eld moving forward. 134 Given the complex and non-perfect nature of nanomaterials, which undoubtedly change within the dynamic environment of an electrocatalytic reaction, will make the area of theoretical prediction of activity a signicant challenge.
The discovery of the unprecedented activity of the Pt 3 Ni (111) extended surface for the ORR suggested that mimicking this system at high surface area chemically synthesised nanomaterials was the way forward, however to date this has not come to fruition for practical catalysts. 135 As seen in the eld of electrocatalysis there are signicant differences in activity observed at the nanoscale and at bulk single crystal metals. A recent study by Zou et al. 136 on Pt 3 Ni nano-octahedra terminated with (111) facets demonstrated this where their material had a specic activity that was 4 times less than the extended single crystal surface reported by Marković.
130 Therefore Stamenkovic and co-workers designed a new class of electrocatalysts based on mesostructured multimetallic thin lms with adjustable structure and composition. 135 This approach created catalysts that could emulate the Pt skin-Pt 3 Ni (111) system and bridge the world of extended surfaces, with superior activity, and nanoscale systems with high specic surface area, to harvest maximal utilisation of precious metals. In principle this creates a material that operates in between different physical regimes that exhibit distinct functional behaviour. Pt alloys of different composition and thickness were deposited by magnetron sputtering onto an array of solid molecular whiskers (to provide high surface area) based on perylene red which is an organic pigment (Fig. 14) .
Aer annealing in a reductive atmosphere of Ar and H 2 the surface changes from a random orientation into a homogeneous structure with visible crystal domains which also removes the organic template and results in a mesoporous structure (Fig. 14c) . Further HRTEM imaging revealed the presence of (111) facets at the surface and a decrease in the number of uncoordinated sites. The decrease in surface concentration of the latter was suggested to improve the stability of the material by removing the most highly active sites. The PtNi mesoporous thin lm produced in this manner showed a 20 fold enhancement in specic activity over a commercial Pt catalyst for the ORR.
Single atom electrocatalysts
Although isolated adatoms or un-coordinated metal atoms are highly reactive they are oen unstable when present on the parent metal surface due to over oxidation, mobility and sintering. However harnessing this type of activity would be highly desirable if instability issues could be alleviated. To take advantage of the properties of single atoms a new approach in the eld is to embed single atoms or sub-nanoclusters in a host matrix which offers the required stability. This has been achieved in the area of gas phase heterogeneous catalysis for both oxidation and reduction reactions using noble metals such as Au and Pt isolated on ceria, titania, iron oxide, alumina and silica where the active site has been reported to be cationic Pt-O and Au-O species. 137 However, there have been relatively fewer reports on transferring this concept to electrocatalytic processes. Recently Sun et al. 138 deposited single atoms of Pt on graphene nanosheets through an atomic layer deposition process. Using this approach they could vary the Pt content from isolated single atoms, to sub-nanometer sized clusters up to Pt nanoparticles (Fig. 15) . They showed that single-atom catalysts exhibited signicantly improved catalytic activity (up to 10 times) over that of the state-of-the-art commercial Pt/C catalyst. They postulated on the basis of X-ray absorption ne structure studies that the low-coordination and partially unoccupied densities of states of the 5d orbital of Pt atoms were responsible for the excellent activity.
Schiffrin et al. 139 reported that isolated alloying atoms of Pd on a Au host matrix enhanced the selectivity for oxygen reduction to H 2 O 2 compared to pure Au. 95% selectivity was achieved at a Pd molar percentage of 8%. Further increasing the Pd content was highly detrimental to selectivity which reduced to 10% when 50% Pd was used. The enhanced H 2 O 2 production was attributed to the presence of Pd monomers surrounded by gold at the surface of Au/Pd nanoalloys whereas the decrease at Pd concentrations above 15% was due to the presence of contiguous Pd atoms, in agreement with their DFT modeling results suggesting that two adjacent Pd atoms should support H 2 O formation instead of H 2 O 2 . DFT calculations also revealed that Pt and Ru would also be suitable guest metals in the Au host.
The idea of imbedding a foreign metal atom in a host matrix has also been used extensively for carbon based electrocatalysts. Indeed some of the early reports on the electrocatalytic activity of carbon nanotubes could in fact be attributed to the presence of metallic impurities incorporated into the CNTs during the synthesis procedure. 140 At present studies on graphene face a similar issue as shown by Pumera et al. who demonstrated that the common practice of transferring CVD grown graphene to another substrate may involve contamination by metals such as Fe and Ni. 141 The same group has shown in many reports that producing graphene oxide and graphene can be problematic with regards to the presence of metallic impurities. 142, 143 Again any electrocatalysis study undertaken with such a material would be dictated by the active metal atoms.
It has been well established that doping carbon whether it be graphite, CNTs or graphene with nitrogen improves its ability to catalyse electrochemical reactions. 144, 145 However the best performance is generally achieved under alkaline conditions for the ORR while performance is poor under acidic conditions. Recent breakthroughs have shown that nitrogen doped carbon containing Co and Fe species improves electrocatalytic performance which is reviewed in ref. 146 . A very recent example by Müllen et al. 147 showed that cobalt-nitrogen-doped carbon (1.3 atomic% Co) and iron-nitrogen doped carbon (1.5 atomic% Fe) in a mesoporous form to increase surface area exhibited excellent performance for the ORR under acidic conditions with the transfer of >3.95 electrons where the high surface area exposed a large number of active sites for the reaction to proceed. The metal species were uniformly dispersed in the entire carbonnitrogen matrix at the atomic or subnanoscale level where the metal-nitrogen sites were identied as being the active site for the ORR. Chisholm et al. have shown that single atoms of Nb trapped within graphitic layers produce a redistribution of d-band electrons and become surprisingly active for O 2 adsorption and dissociation, and signicantly resist chemical and thermal coarsening resulting in a highly stable electrocatalyst for oxygen reduction. 148 Koper et al. have predicted with DFT calculations that graphitic materials and gas-phase porphyrins with active square-planar sites with 4 nitrogen atoms and transition metals belonging to groups 7 to 9 in the periodic table may have high catalytic activity towards the ORR and the oxygen evolution reaction. 149 
Conclusions and outlook
In this article I have reviewed several types of experimental investigations into elucidating the nature of active sites on metal surfaces. In general the active site which dominates many electrocatalytic processes, even though their coverage is seemingly very low, is generally regarded as consisting of adatoms or clusters of adatoms on the surface with low coordination number. This property gives them highly characteristic electrochemical behaviour as observed by unique voltammetric signatures in the double layer and oxide formation/reduction regions recorded at single crystal electrodes with steps and kinks, polycrystalline surfaces and chemically synthesised nanoparticles. Intriguingly, these active sites can be knocked out or utilised for the spontaneous deposition of a foreign metal species to investigate their role in electrocatalytic processes. However, a critical factor in understanding how a material performs as an electrocatalyst is the ability to relate structure to activity. This can be achieved remarkably well at single crystal surfaces with the aid of in situ STM imaging but is signicantly more challenging when dealing with commercially applicable nanomaterials. Indeed relating the fundamental insights gained at single crystal surfaces can be difficult to translate to chemically synthesised nanomaterials. An exciting development is the combination of both length scales where mesoporous thin lms have been utilised to emulate the activity of Pt (111)-skin materials but in a high surface area form. Ex situ methods such as HRTEM and HAAF-STEM offer a wealth of information on the structure of nanomaterials, even at the single atom level, but whether this structure is preserved during the course of an electrocatalytic experiment needs to be investigated in detail. IL-TEM offers such an approach to answer such a question where particle movement and agglomeration is observable post reaction, but visualising active sites at the adatom level is elusive. In situ spectroscopic techniques also provide a wealth of information on the chemistry at the surface of an electrocatalyst in terms of adsorption of reactants and intermediates, changes in oxidation state and even distribution within a MEA using 4D-XANES experiments. However these approaches still cannot provide a clear indication of structureactivity relationships as the structure may change during the course of the experiment. A signicant step to addressing this is the development of in situ electrochemical imaging of electrocatalysts under potential control. It can now be achieved at the single nanoparticle level at sizes of around 10 nm. This approach will be extremely useful for investigating nanoparticle-support interaction effects, nanoparticle size and shape without the inuence of the ensemble effect which hinders insights gained at drop cast samples. Achieving higher resolution with this technique and investigating clusters of adatoms would be truly exciting. However, no one technique will provide the answer and therefore a combination of in situ and ex situ techniques that probe the morphology as well as the chemistry that happens at the surface of both well-dened surfaces and nanomaterials suitable to applications is necessary. This in combination with DFT calculations will provide signicant insights into the physical chemical behaviour of metals which will not only benet fundamental studies but also the design and fabrication of active materials with technological relevance.
